Introduction
Metabolism of oxygen in mitochondria inevitably leads to the production of "free radicals", molecules with unpaired electrons that are highly reactive and promptly introduce chemical modifications of proteins, lipids, and nucleic acids. The term "oxidative stress' implies that such chemical reactions induce loss-of-function; amplifying the decline of molecular fidelity associated with disease and aging [1, 2] . Out of this dogma grew a high interest in antioxidant therapy. In line with the concept, cells are equipped with antioxidant defense systems, which rapidly detoxify ROS and repair any associated damage. Cellendogenous antioxidant systems protect the redox balance through chemical buffering (best known is the reduced/oxidized glutathione system) or detoxify through enzyme-catalyzed reactions (e.g., catalase, superoxide dismutase). However, free radicals are much more than unwanted side products that cause harm [3] .
Considering that mitochondria are the major source of intracellular ROS [4] , monitoring of free radicals emerges as an elegant strategy to collect information on the metabolic activity of individual cells and coordinate cellular function, metabolic needs and energy outputs. As the final electron acceptor in the mitochondrial electron transport chain, oxygen is reduced to water, unless oxygen is prematurely reduced to the superoxide radical. Thus, local production of this radical reflects intactness of the electron transport chain, metabolic pressure the cell is exposed to and overall mitochondrial activity [5] . The superoxide radical acts locally, triggering mitochondrial redox-sensitive transcription factors that respond to the metabolic needs and coordinate mitochondrial biogenesis, glycolytic flux, and other components of the metabolic machinery. The superoxide radical can also diffuse into the cytoplasm to activate cytoplasmic redox-sensitive kinases, including AMP-activated protein kinase (AMPK), ataxia-telangiectasia mutated (ATM) and pyruvate kinase M2 (PKM2). Through reversible oxidation and reduction of specific amino acids, often reactive cysteine residues, the mitochondrial "ROS signal" can thus target a wide variety of cellular processes. Redox-dependent signaling does not fall under the dogma of "oxidative stress" and may overall be the more important function of ROS in cells, tissues and organs [6] .
This review will focus on the signaling effects of ROS in T cells and will utilize T cells from patients with rheumatoid arthritis (RA) as a model system to explore the functional implications of ROS in directing protective and pathogenic T cell functions. T cells were chosen as they represent key drivers of the chronic inflammatory process that characterizes the autoimmune syndrome RA and by "memorizing" prior encounters in their life cycle are responsible for the chronicity of the disease. RA T cells have a distinct metabolic signature, which has been directly linked to their pathogenic behavior [7, 8] . Specifically, RA T cells have downregulated glycolytic breakdown and shunt glucose into the pentose phosphate pathway (PPP), reducing ROS production and enhancing NADPH generation. The surplus of reductive elements in the cellular milieu triggers a number of downstream events that culminate in a tissue-invasive, pro-inflammatory effector T cell. The impact of low concentrations of cellular ROS on redox-sensitive signaling loops that drive pathogenic immunity may be applicable to other chronic inflammatory conditions.
Loss of reactive oxygen species in effector T cells
Like many other autoimmune conditions, RA has a long period of preclinical abnormalities during which self-tolerance is already broken and T and B cells against self-antigens are already detectable, but joint inflammation has not yet ensued [9, 10] . To address the question whether T cells from RA patients have intrinsic defects that render them susceptible to "low threshold" activation, studies have focused on responsiveness of naïve CD4 T cells, T cells that have not been involved in memory and inflammatory responses. Such naïve T cells may best capture the "disease prone" period in the life cycle of T cells. These studies have revealed that naïve CD4 T cells from RA patients have a distinct metabolic organization that segregates them from naïve CD4 T cells in age-matched healthy individuals. The pinnacle defect appears to be the slowdown of glycolytic activity [11] and the preference for the generation of NADPH and biosynthetic precursor molecules [12] , equipping the cell for synthetic and proliferative functions. This metabolic reorganization is tightly linked to a shift in the redox status away from oxidative to reductive conditions. Naïve CD4 T cells need to undergo massive clonal expansion to generate sufficient numbers of immunocompetent cells. Clonal proliferation is coupled to the transition of naïve cells into effector and memory cells and cellular differentiation, eventually assigning the T cell to a functional lineage, such as the Th1, Th2, Th17, etc lineage [13, 14] . Lineage commitment is closely linked to the production of cytokines, typically lineage-defining cytokines, such as IFN-γ, IL-4, IL-17, IL-21, etc. It is through these cytokines that T cells mediate their protective and pathogenic functions. The process of massive clonal expansion requires rapid access to fuel, which is typically supplied by glucose. Accordingly, normal CD4 T cells will upregulate the glycolytic machinery, import glucose, break it down to pyruvate, transport pyruvate into the mitochondria and generate ATP, ROS and Krebs cycle intermediates [15, 16] . Instead, RA T cells respond to activation with transcriptionally repressing the key glycolytic enzyme 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) [11] and reduce their autophagic activity [17] (Fig. 1) . PFKFB3 catalyzes the generation of fructose-2,6-bisphosphate, the most potent allosteric activator of phosphofructokinase-1 (PFK-1), the rate-limiting enzyme of glycolysis. PFK-1 is responsible for the first committed step of glycolysis in an irreversible reaction. Thus, by controlling the levels of fructose 2,6-bisphosphate, PFKFB3 dynamically regulates glycolytic flux. Because of PFKFB3 repression in RA T cells, intracellular pyruvate concentrations are diminished and ATP production shrinks; indicative of reduced mitochondrial activity. In essence, the cell is in a state of energy deprivation [18] . In parallel, RA T cells that undergo transition into effector cells upregulate glucose-6-phosphate dehydrogenase (G6PD), the gate keeper enzyme to the PPP and produce high levels of nicotinamide adenine dinucleotide phosphate (NADPH) [12] . Slowing of mitochondrial activity and preference for the PPP creates a redox milieu that consumes ROS and protects reduced glutathione. When measured with a redox-sensitive indicator, RA T cells hold about 50% of the intracellular ROS compared to a healthy control cell [12] . In essence, in T cells, glucose shunting into the PPP favors reductive conditions over oxidative pressure (Fig. 1) and metabolic reorganization in RA T cells creates an experimental model to explore the functional outcomes in ROS low T cells.
ROS-dependent functions in effector T cells
The cytoplasm contains multiple key signaling networks that are ultimately dependent on receiving ROS signals from the mitochondria. Prominent amongst the redox-activatable signaling molecules are the energy sensor AMPK [19, 20] , the cell cycle regulator and DNA repair kinase ATM [21, 22] and the glycolytic enzyme PKM2 [23, 24] . Based on the low ATP concentrations encountered in RA T cells (Fig. 1) , one would expect that AMPK senses the energy-deprived state and initiates a program geared at ATP production, e.g. mitochondrial biogenesis and slowdown of cell building. This cellular adaptation appears to function insufficiently, but precise data on how AMPK responds to the metabolic reprogramming of RA T cells is not available.
ATM, a member of the phosphatidylinositol 3-kinase-related kinases (PIKKs) superfamily, is a serine/threonine protein kinase critical in orchestrating cellular responses to DNA double-strand breaks. Upon recognition of broken DNA, ATM coordinates a canonical DNA damage response, including slowing down of cell cycle passage, repair of the break and apoptotic death if damage cannot be repaired [25] . However, recent work emphasizes that ATM activation triggers a transcriptional program going beyond classical repair responses [26, 27] . Spontaneous T cell hyperactivation, unrestricted clonal expansion and excessive production of pro-inflammatory cytokines has been reported for mice deficient in the DNA repair cofactor ATM Interactor (ATMIN) [28] . ATMIN holds a key position in ATM-mediated signaling pathway choices [29] . DNA damage-induced signal transduction is critically important in T and B cell development, guiding the repair of programmed DNA lesions [30] , but ATM remains a key player in regulating differentiation of peripheral T cells. ATM deficiency is known to reduce mitochondrial quality and interfere with nuclear-mitochondrial signaling [31] . Accordingly, ROS-dependent activation of ATM will impact a spectrum of cellular functions, not only DNA repair.
In healthy T cells, TCR-mediated stimulation induces rapid dimerization of the ATM molecule to prepare the molecule for phosphorylation [32] . ROS low T cells in RA patients that are transitioning from naïve into effector state express lower amounts of ATM transcripts and the phosphorylated form of ATM is barely detectable [12] . The required dimerization of ATM is a typical consequence of oxidation [33, 34] . Thus, ROS low RA T cells are essentially ATM deficient. Functional consequences include: (1) hyperproliferation, with the majority of cells passing through the cell cycle at a faster speed; (2) bypassing of the G2/ M cell cycle checkpoint; and (3) accelerated conversion from the naïve into the memory state [7] . This phenotype of ROS low ATM low RA T cells is in line with the conventional concept of how DNA damage responses affect the dynamics of cellular division (Fig. 2) . In T cells, cell cycle progression is closely associated with polarization of the cells into functional subsets. Specifically, naïve T cells will differentiate into cytokine-secreting effector memory T cells. T cells producing IFN-γ have been named Th1 cells and together with IL-17-producing Th17 cells are considered pro-inflammatory effector cells. Culture of healthy naïve CD4 T cells in the presence of a ROS scavenger promotes lineage commitment to the Th1 and Th17 subset, whereas IL-4-producing Th2 cells and anti-inflammatory regulatory T cells seem unaffected [12] ; phenocopying ROS low RA T cells, that spontaneously commit to the Th1 and Th17 lineage in much higher frequencies (Fig. 2) . The critical function of ROS in determining pro-and anti-inflammatory effector functions has been tested in vivo. In a chimeric mouse model, in which human synovial tissue is engrafted and the mice are reconstituted with human T cells, T cells from RA patients can induce robust synovitis [12, 35] . Such chimeric mice have been treated with pro-oxidants: (A) buthionine sulphoximine (BSO), an inhibitor of gamma-glutamylcysteine synthase, which lowers glutathione concentrations in the tissue; and (B) menadione, a redox cycling agent, which forms a transient semiquinone to yield an extra electron to oxygen. Treatment with either BSO or menadione was highly efficient in suppressing tissue inflammation [12] , directly implicating ROS in mediating anti-inflammatory actions.
These data add a different perspective to the conventional paradigm that ROS are tissue destructive and maintain inflammation through damaging proteins, membranes and DNA. Given the hypoxic conditions in chronically inflamed joints, ROS have been suspected to act as amplifiers of tissue injury [36, 37] . Nevertheless, antioxidants have not found their way into treatment of RA, but most success has been achieved with blocking pro-inflammatory cytokines. Anti-inflammatory functions of ROS have also been described in animal models of arthritis, where contrary to the prevailing paradigm disease-promoting genetic polymorphisms function by lowering ROS production [38, 39] . Holmdahl and colleagues have delineated the anti-inflammatory role of ROS in numerous disease models and have identified a common underlying mechanism, ROS-mediated suppression of macrophages that are mediators of chronic inflammation [40] [41] [42] .
Thus, metabolic reconditioning can directly influence T cell behavior and sway adaptive immune responses towards sustained inflammation instead of resolution. ROS represent the mediator between metabolic status and functional differentiation. Here, reduction of ROS availability drives differentiating T cells towards disease-inducing functions (Fig. 2) .
DNA damage in ROS low T cells
A major target of ROS is the nuclear DNA, where reactive molecules can damage the DNA nucleobases and the sugar phosphate backbone, causing a variety of DNA lesions [43] [44] [45] . The relevance of oxidative DNA damage is exemplified in hereditary human diseases, such as Xeroderma Pigmentosum, Cockayne Syndrome and Fanconi Anemia [46] , all of which occur due to defects in repairing oxidative modifications of chromosomal DNA. To damage DNA, ROS must reach the Fig. 1 . Metabolic reorganization favors reductive conditions in T cells. Healthy T cells undergoing activation have high energy and biosynthetic needs. They upregulate glucose import and glycolysis, driving mitochondrial activity and ROS production. T cells from patients with rheumatoid arthritis (RA) prefer shunting of glucose into the pentose phosphate pathway, thus reducing mitochondrial ROS production and enhancing NADPH generation. The outcome is a reduction of ATP and an intracellular milieu depleted of ROS. ROS, reactive oxygen species; ATP, adenosine triphosphate;
NADPH, nicotinamide adenine dinucleotide phosphate. Comparative examination of naïve and memory T cell populations in RA patients and age-matched healthy individuals have yielded evidence for a high load of DNA double-strand breaks in the patients [47, 48] (Fig. 3) . These data suggest that genome integrity is ultimately determined by the repair system and that the role of ROS in activating repair enzymes outweighs their direct actions in DNA damage. Forced overexpression of ATM in ROS low ATM low RA T cells was sufficient to prevent double-strand break accumulation [47] . Interestingly, the lack of ATM in such T cells was associated with high expression of the DNA repair enzyme DNA-PKcs [48] ; possibly the attempt of substituting DNA-PKcs activity for failing ATM action. ATM and DNA-PKcs belong to the phosphatidylinositol 3-kinase-related kinases (PIKK) family, a group of atypical kinases critical for DNA damage responses, nutrientdependent signaling, and nonsense-mediated mRNA decay [49] [50] [51] . DNA-PKcs has been implicated in mediating apoptotic death of RA T cells [48] . ATM does not function alone but is part of a large protein complex that assembles around a DNA break. Prior to repair, the broken DNA ends need to be processed to enable religation; such as trimming of damaged overhangs, removal of fragments, etc. Here, the MRN complex [52] [53] [54] composed of three proteins, Mre11, Rad50 and Nbs1 has an important role in the initial processing of double-strand DNA breaks prior to repair by homologous recombination or non-homologous end joining. Quantitative studies in T cells from healthy individuals and RA patients have revealed that the inability to properly activate ATM is combined with dysfunction of the nuclease MRE11A (Fig. 3) . Protein expression of MRE11A in human T cells is an age-dependent process, showing age-related decline in all individuals, but much earlier and much more profound in patients with RA.
MRE11A is a nuclease with both endo-and exonucleolytic activity [55, 56] . In human T cells, MRE11A accumulates at the telomeric ends [57] of chromosomes. RA T cells recruit distinctly low amounts of MRE11A to their telomeres and, associated with the deficiency of MRE11A, display a variety of telomeric damage lesions, including telomere fragility, apposition, fusion, and complete loss of end signals [35] (Fig. 3) . In studies published more than a decade ago, RA T cells had been reported to have age-inappropriate shortening of telomeric sequences [58, 59] . Recent data suggest that this phenotype, which is indicative of premature aging, may not simply reflect proliferative pressure but may result from metabolic reorganization in the T cells, which lose redox-activatable signaling systems controlling the DNA repair machinery.
In contrast to the prevailing paradigm, which classifies ROS as drivers of cellular and organismal aging, emerging concepts emphasize that ROS-dependent signaling keeps cells young. ROS low RA T cells fulfill many criteria identifying them as prematurely aged [18, 60, 61] . While they are not in irreversible cell cycle block, a characteristic of senescent cells, they have defects in nutrient sensing, are pro-inflammatory, escape from peripheral tolerance mechanisms and fail to properly repair their DNA. They share this phenotype with individuals born with mutated ATM that suffer from the progeroid syndrome Ataxia-telangiectasia (AT) [62, 63] . AT patients are known to have T cells that enter the aging process early in life [64] . Prematurity of immune aging may contribute to the cancer predisposition of AT patients. While sharing the deficiency of ATM signaling and DNA repair capacity, AT and RA patients arrive at this defect through distinct pathways. In RA patients, shunting of glucose into the PPP lies upstream of insufficient ATM activation and can be attributed to insufficient redox signaling ( Figs. 1 and 2 ). In contrast, the DNA repair defect due to mutated ATM eventually undermines antioxidant defense systems and is combined with oxidative pressure [65, 66] .
Abnormal migratory behavior of ROS lOW T cells
A key functional task of RA T cells is their ability to infiltrate into the tissue and establish organized lymphoid structures [67, 68] . This task marks the transition from the preclinical to the clinical phase of RA. Once RA T cells leave the blood stream, transmigrate through the endothelial cell layer, and enter the subendothelial matrix, they must be able to maneuver through the extravascular space to reach their destination. Human T cells need to form invasive podosomes to palpate the surface and form transcellular pores through the endothelium to migrate out of the vasculature into the tissue site [69, 70] . It is believed that human T cells use the amoeboid migration mode to move in porous matrices, but do not employ matrix proteolysis [71] . To understand whether the ROS low state of RA T cell is in any way related to the key pathogenic task of enabling tissue invasion of pro-inflammatory T cells, a T cell motility module was defined [72, 73] . Metabolically intact healthy T cells and metabolically reprogrammed RA T cells could be distinguished based on a set of 10 genes, all related to the formation of membrane protrusions involved in tissue invasion. Expression of Tks5, also known as SH3PXD2A, was directly related to the metabolic activity of RA T cells. Tks5 is a known Src kinase substrate and functions as a tether for transport vesicles to build membrane extensions at the leading edge of a migrating cell [74, 75] . Two metabolic interventions could change the expression of Tks5 and revert the spontaneous hypermigratory phenotype of RA T cells; supplementing pyruvate to enhance mitochondrial function and mitochondrial ROS production and inhibiting fatty acid synthesis [72] . Obviously, fatty acids serve as precursor molecules of phospholipids, which built the lipid bilayers of cell membranes. Dynamic restructuring of cell membranes is a prerequisite of generating invasive membrane protrusions. Fatty acid synthesis [76, 77] relies on acetyl-CoA and NADPH, two metabolic intermediates favored under conditions of restricted mitochondrial activity and high flux into the PPP (Figs. 1 and 4) . Detailed metabolic analysis of ROS low RA T cells has yielded important insights into the nutrient streams and the composition of metabolic intermediates: due to the shunting of glucose into the PPP, NADPH and reduced glutathione outweigh intracellular ROS [7, 78] . Depressed glycolytic breakdown reduces pyruvate production and essentially starves the mitochondria. Inactive mitochondria not only lessen the release of mitochondrial ROS, they enable accumulation of 
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acetyl-CoA and fail to contribute to the breakdown of fatty acid storage through β-oxidation (Fig. 4) . With excess acetyl-CoA and NADPH, ROS low RA T cells have ideal conditions to enhance fatty acid synthesis and dynamically restructure their plasma membranes. Hypermotility in RA T cells is associated with the formation of lipid droplets which are deposited in the cytoplasm and can be visualized in circulating as well as tissue-resident T cells populating chronic inflammatory lesions [72] (Fig. 4) . The tight connection between T cell motility and pathogenic behavior was exemplified in experiments that measured the tissue-inflammatory potential of T cells in a human synovium-SCID mouse Chimera model. In this model system, human synovial membrane is engrafted into immunocompromised mice. These mice are reconstituted with human peripheral blood mononuclear cells. T cells from RA patients are capable of inducing robust synovitis, whereas healthy normal T cells cannot break self-tolerance and stay out of the synovial tissue. Knockdown of Tks5 was sufficient to correct the tissue-invasive phenotype of patient-derived T cells [72] . Vice versa, forced overexpression of Tks5 was sufficient to render healthy T cells tissue invasive. Metabolic interference in such chimeric mice proved the mechanistic relationship of glycolytic flux, fatty acid synthesis, ROS production, podosome formation and tissue-invasive behavior. Metabolic manipulations that increased intracellular ROS levels were adequate to counteract the phenotype of hypermotile T cells and suppressed tissue inflammation.
Thus, the emerging paradigm perceives ROS as powerful metabolic signaling molecules, reporting on the activity of mitochondria and the intensity of glycolytic flux. Metabolic constellations have immediate impact not only on energy generation and the building of biosynthetic precursor molecules, but also control core cellular functions, including the ability of T cells to transmigrate from the blood into tissue. The advantages of utilizing ROS are obvious-they directly correlate with mitochondrial function, they can be tightly controlled in their subcellular distribution, they can target essential signaling pathways and they are short-lived.
ROS as effector molecules in anti-inflammatory T cells
Redox sensing in T cells is not limited to the regulation of complex effector functions, but redox-activatable signaling cascades are also triggered as part of T cell activation [79, 80] through the antigen receptor. Similar to their role in connecting metabolic needs with cellular behavior, ROS participate in early signaling events after antigen recognition [81] . The subcellular source of such signaling ROS are believed to originate from NADPH oxidases [82] . NADPH oxidase-derived superoxide is considered limiting in ensuring the development of antigen-specific CD4 T cell responses [83] . ROS generated by NADPH oxidases in CD8 T cells have been implicated in tuning JNK and NFκB signaling and ultimately regulate IFN-γ production and expression of the ATPase CD39 [84] . Excessive production of NADPH-derived ROS in T cells has been reported for patients with the autoimmune disease systemic sclerosis, with NADPH oxidase inhibition providing relief from unopposed T cell activation [85] .
In keeping with the theme that ROS are linked to anti-inflammatory T cell responses, a recent study described that NADPH oxidase 2 (NOX2) is a critical effector molecule in immune-inhibitory CD8 T regulatory cells (Treg) [86, 87] (Fig. 5) . CD8 Treg express CCR7 and are stationed in lymphoid tissues. They represent a small population in the circulation. Upon activation, they assemble NOX2 complexes in their membranes and form NOX2-containing exosomes. CD8 Treg interacting with close-by CD4 T cells transfer NOX2 onto such CD4 + neighbors and effectively inhibit their activation and proliferation (Fig. 5) . In an in vivo model system, lack of NOX2 + CD8 Tregs caused overall expansion of CD4 T cells, implicating ROS in controlling the compartment size of CD4 T cells [86] . Lack of this critical function has been reported for two scenarios: (1) in healthy elderly, the inducibility of CD8 Tregs is impaired, in line with the concept that immune aging is associated with increased susceptibility to inflammatory disease; and (2) in patients with the autoimmune syndrome giant cell arteritis NOX2 CD8 Treg are essentially lacking [88] ; predisposing such patients to difficult-to-control CD4 immunity. Thus, ROS production from NADPH oxidase may provide a protective mechanism to avoid tissue-destructive inflammation and participate in the broader regulation of T cell immunity.
Summary and conclusions
This review has attempted to summarize available data on the functional implications of intracellaur ROS concentrations in human T cells. ROS, formerly considered harmful reagents, have recently been implicated in gain-of-function activities by targeting vital signaling pathways. In the cytoplasm, several critical signaling cascades are redox-activatable, directly linking cellular function with mitochondrial output. ROS produced as byproducts of the mitochondrial electron transport chain serve as sensitive measures of metabolic activity, which in turn is adapted to activating signals obtained from the cell's environment. In T cells, activating signals lead to massive cellular expansion, imposing high needs for biosynthetic precursors to build new cells. In essence, ROS function as communicators between the metabolic machinery, cell cycle behavior and effector functions.
Defining ROS as critical contributors to the seamless integration of cellular networks collides with the long-held paradigm that ROS are fundamentally destructive, the source of tissue damage and critical in the organismal aging program. The most likely explanation for such opposing functional activities lies in the range of concentrations that ROS can span. Redox-sensitive transcription factors and cellular proteins respond with reversible biochemical modifications to low concentrations of ROS that are locally released. If ROS are generated in high amounts and antioxidant defense systems fail to remove them promptly, they have an opportunity to damage lipids, proteins and DNA. Enzymatically generated ROS, e.g. during respiratory burst, are intentionally concentrated to destroy their targets. Recognition that ROS serve fundamental functions in cellular health have led to the unanticipated scenario that dysfunction is associated with lack of ROS. "Reductive stress" instead of oxidative stress has added new dimensions to the study of disease. A model system that has been particularly fruitful are T cells isolated from patients with RA. Recognized for their key function as drivers of pathogenic immune responses that manifest with tissue-injurious inflammation, RA T cells have recently attracted attention because they are metabolically reprogrammed. Specifically, they shunt glucose into the PPPs and away from glycolytic breakdown. This prepares RA T cells for high synthetic function, allowing them to massively proliferate to sustain inflammation. Shunting glucose into the PPP also generates a reductive environment with excess of NADPH and acetyl-CoA, which promotes lipogenesis and lipid droplet deposition. Reduced generation of pyruvate starves the mitochondria and further reduces ROS production. ROS deficiency results in a number of functional outcomes, which all promote and perpetuate pathogenic T cell function and inflammation. Underlying defects have been defined and include insufficient activation of redox-sensitive enzymes; including the cell cycle regulator and DNA repair kinase ATM. Despite their ROS low status, RA T cells suffer from accumulation of damaged DNA and uncapped telomeres; emphasizing the critical role of ROS-driven repair pathways, whose failure is more important than the loss of ROS-mediated DNA damage. The reductive cellular milieu fosters lipogenesis despite the relative energy deficiency and mobilizes a program of membrane rebuilding needed for tissue invasion. Exploiting ROS-activatable signaling systems for therapeutic purposes can possibly be achieved, if ROS concentrations can be finetuned, even at the low end of the concentration scale. Modifying the subcellular distribution of ROS could also be a fruitful approach. Given the impact of cellular metabolism on ROS production and spreading, redox-sensitive signaling events could be targeted by metabolic interference. For example, ROS generation could be enhanced in RA T cells by intensifying mitochondrial activity.
Obviously, further work is needed to understand the origin of the metabolic re-organization that leads to ROS deficiency and disruption of redox-dependent signaling pathways. Most of the studies in RA T cells have focused on the naïve population, which lives in secondary lymphoid organs, far away from the chronic inflammatory lesions that are sustained by unleashed T cells. How the metabolic circuitry in tissue-residing T cells is related to redox biology and functional outcome is much less understood. Since metabolites lie at the root of mitochondrial activity and ROS production, the tissue environment and the supply of glucose, amino acids, glutamine and lipids are almost certainly major determinants in promoting or dampening mitochondrial activity. Finally, consideration needs to be given to cell-type specific effects. Whereas long-lived T cells from RA patients have a signature of slowed glycolysis, short-lived macrophages from these patients have a strongly upregulated glycolytic machinery, generate excess ROS, oxidize cytoplasmic enzymes and function as hyperinflammatory cells; implicating ROS "signals" in multiple aspects of the disease process.
